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Apparatus for suppressing fluid-bon,e noise in a fluid uit , or 2a to 
operative coupling to the conduit for providtng "^^^^l^^";'"' ^'^ „^ to fluid in the conduit, 

piezoelectric ---r (40 40a or ^ , ,s^a^^^^^^^^^^ p,,3, ,,,, sure 

An electronic controller (38. 38a or 3bb) is ^^^P*^"'^^ rin.Hv ^couoled to the actuator, or separate from the actuator and disposed 

Huctuations sensed b, the The senso? in the preferred en,bodin.n,s of the 

irr. -uator comprises a stac. of p.ezoelectric elements. 
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<;tTPPRESSION of ft Tim-BORNE NOISE 

The present invention is directed to suppression of fluid-borne noise in fluid 
handling systems, such as in automotive power steering, power brake, tiiel and air conditioning 
systems. 

Background and Objects of the Invention 

There are many applications in commerce and industry in which it is desirable 
to suppress fluid-bome noise in fluid handling systems. For example, in automotive 
applications, it is desirable to suppress fluid-bome noise generated by the pump or load in 
power steering, tuel distribution, air conditioning and power brake fluid systems. It is also 
desirable to suppress compressor noise in domestic and commercial air conditioning systems. 
Fluid-bome noise can also be a problem in industrial hydraulic applications in terms of both 
generation of audible noise, and wear and fatigue of system components. 

Kumar. "Smart Materials For Acoustic or Vibration Control." Pennsylvania 
State University (1991) teaches that fluid-bome noise within a metal tube can be suppressed 
by positioning a piezoelectnc actuator at one end of the fluid tube. The piezoelectric actuator 
is disposed between an aluminum block that is affixed to the tube and an aluminum block that 
is coupled to a rubber membrane in contact with the fluid. .\ sensor is disposed between the 
actuator and the membrane block, and is coupled through a frequency selective preamplifier, 
a phase shifter and an amplifier for energizing the piezoelectric actuator 180= out of phase with 
the predominant frequency of vibration within the fluid. 

Although the subject matter taught by the Kumar thesis addresses problems 
theretofore extant in the art. further improvements remain desirable. For example, an 
important consideration in high-volume applications, such as automotive applications, is that 
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^ umt be e«c^ .0 manufacture and reliable over an extended t,pera.ing lifetime. One 
object of the ptesent invention is to provide a system and method that satis^ these objectives. 
Another object of the present invcntton ,s to provtde a system and method of Huid-bome noise 
suppression in which a stngle unit configuration can be employed in a variety of applications. 
For example, in one implementation of the invention, it is an objective of the invemton to 
provide a system and method for suppression of tlutd-bome noise in automotive power steertng 
systems in which a single umt design can be employed in conjunction with a wide vanety of 
power steertng systems. Another object of the present invention is to provide a system and 
method that are characterized by low power consumption. 

Summary of the Invention 

Apparatus for suppressing tluid-bome noise in a fluid conduit in accordance 
with the various preferred embodiments of the invention includes a vibration sensor for 
operative coupling to the conduit for providing an electncal sensor signal as a ftincuon of fluid 
pressure fluctuauons in the conduit. A piezoelectric actuator is adapted to be mounted on the 
conduit for impaning pressure fluctuations to fluid in the conduit. An electromc controller is 
responsive to the sensor signal for energizing the xtuator 180° out of phase wuh fluid pressure 
tluctuations sensed by the sensor. The sensor may be either closely coupled to the actuator, 
or separate from the actuator and disposed upstream of the acmator with respect to the 
direction of fluid flow through the conduit. The sensor in the preferred embodiments of the 
.nvenuon comprises a piezoelectnc sensor, and the acmator comprises a stack of piezoelectric 
elements. 

The electronic control unit is responsive to frequency components of pressure 
flucmauons of fluid m the conduit for energizmg the actuator as a funcnon of the amplitude 
of the frequency component of greatest amplitude. The sensor is responsive to fluid pressure 
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tluctuauons in the conduu over a broad frequency range, much lower than the resonant 
frequencies of the sensor and actuator. The frequency range in the preferred embodiments of 
the invention preferably is from zero to at least 1000 hertz. 

A fluid handling system in accordance with another aspect of the present 
invention includes a conduit for conducting fluid under pressure and an apparatus of the 
character described above for suppressing flu.d-bome noise caused by fluid pressure 
fluctuations m the conduit. In various embodiments of the invention, the conduit includes a 
volumetric enlargement to which the sensor and actuator are coupled, or a right-angled turn 
at which the sensor and actuator are disposed in opposition to fluid flowing through die 
conduit. In another embodiment of the invention, the actuator comprises a plurality of annular 
discs disposed within the conduit m such a way that fluid flows through the discs. The sensor 
.s either closely coupled to the xtuator. or is separate from the actuator and disposed upstream 
of the actuator with respect to die direction of fluid flow through the conduit. In one preferred 
embodiment of the invention, the conduit includes an opemng. and the noise suppression 
apparatus of the invention is disposed in a unitary assembly removably received in the opemng. 

m accordance with yet another aspect of the present invention, a mediod of 
suppressing fluid-bome noise caused by pressure fluctuations in fluid flowing through a 
conduit includes sensing the amplitude and frequency componems of pressure fluctuations in 
the conduit, and energizing a piezoelectric actuator as a iMnction of the amplitude and 
frequency components so as to impart pressure fluctuations to fluid in the conduit. The 
actuator preferably is energized as a function of the frequency component of greatest 
amplitude, 180° out of phase with such frequency component. 
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Brief Descriptinn nf the Drawings 

The invention, together with additional objects, features and advantages thereof, 
will be best understood from the following description and the accorrtpanying drawings in 

which: 

5 FIG. 1 is a schematic diagram of a fluid handling system equipped with a fluid- 

bome noise suppression apparatus in accordance with the present invention; 

FIG. 2 is a schematic diagram of the noise suppression apparatus of FIG. I : and 
FIGS. 3, 4. 5 and 6 are schematic diagrams of respective modified embodiments 

of the invention. 
10 DetaUed Description of Prefe rred Embodiments 

FIG. 1 illustrates a fluid handling system 10 in accordance with one 
implementation of the present invention as comprising a tubular section of conduit 12 that 
receives fluid at one end from a pump 14 and a sump 16, and delivers fluid from the opposing 
end through a load 18 to sump 16. Conduit 12 may be of any suitable composition. A collar 
15 20 of low carbon steel or other suitable composition is affixed to conduit 12 between its 
opposed ends. As best seen in FIG. 2. collar 20 cooperates with conduit 12 to form a tluid 
volume 22 of enlarged diameter as compared with the diameter of conduit 12. An electronic 
assembly 24 has a case 26 with a plug 28 at one end adapted to be remo'. ably received within 
an opening 30 on collar 20. For example, plug 28 may contain external threads for removable 
20 receipt within internally threaded opening 30. Alternatively, plug 20 and opening 30 may 
contain suitable fittings for quarter-turn mounting within the collar opening. Electronic 
assembly 24 is coupled to a source 32 of electrical power, preferably through a switch 34 for 
selectively applying power to assembly 24 during periods of use. For example, swuch 34 may 
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be associated with at. automob.le power system tor applying electrical power to assembly 24 

during periods when the vehicle is in use. 

Referring to FIG. 2. electronic assembly 24 in this embodiment of the invention 
includes a vibration sensor 36 that provides an input signal to a broad-band amplifier 38 as a 
tociion of fluid-borne vibration within area 22 of fluid conduit 12. The output of amplifier 
38 is coupled to a piezoelectric actuator 40, which may comprise a stack of individual 
piezoelectric disks 42 as shown. Sensor 36 provides to amplifier 38 a signal having one or 
more frequency components associated with the frequency components of vibrations earned 
by fluid flowing through collar 20. Amplifier 38 is automatically responsive to the signal from 
sensor 36 for energizing actuator 40 as a function of the amplitude of the highest-amplitude 
frequency component of the input signal from sensor 36. Thus, actuator 40 is energized in 
direct proportion to the noise signal component of highest amplitude. Furthermore, amplifier 
38 shifts such frequency component 180° . so that actuator 40 is energized 180= out of phase 
with the selected noise component. Thus, simply stated, actuator 40 imparts vibrations to the 
tluid within collar volume 20 at a frequency and magnitude to cancel or suppress the fluid- 
borne vibration wavelength of highest magnitude. Enlarged volume 22 enlarges the fluid 
surface area available for actuator 40. Sensor 36 and actuator disks 42 may be of any suitable 
composition, such as lead-zmc-ntanate or modified lead-ntanate. Piezoelectric actuators have 
several advantages including precision displacement, generation of large forces, extremely fast 
response, and high input impedance requiring low drive power. Amplifier 38. illustrated 
lunctionally in the drawings, may comprise simple analog circuitry, or digital circuitry based 
upon individual component or microprocessor control. Microprocessor-based control can 
employ fuzzy logic or neural network technology, if desired. 
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1, will be appreciated, of course, rha, actuator 40 need not be disposed at a 
positton directly oppostte to the d.recon o, flu.d How. The noise vibrattons wtthtn the fluid 
create hydtostauc pressure pulses ,n ^1 directtons. Furthermore, a single sensor 36. broadband 
^uner 38 »d acmator 40 may be employed ,n a vanety of applications in which fluid-borne 
noise ,s generally within the same frequency r^ge. For ex^ple. fluid-bome noise in 
au„,„.t,ve power steering apphcations can be expected to be within the range of about 0 to 
,000 m regardless of manufacmres or model. This is well below the resonant frequency of 
typtcal sensors 36 and acmators 40. A stngle broadband system or unit, designed to operate 
at pressures up to 1 500 ps, at 200"F may thus be employed for all models. The same is true 
for various manufacturers and models of automotive a,r cond.ttoning systems, automottve 
power brake systems, and automonve fuel delivery systems. In eonnecnon with power brake 
systems in parftcular. dte invention may be employed to suppress tlutd vibrattons associated 
with pulsed operation of artn-skid brake systems, svhich many drivers do not care to feel at the 

vehicle brake pedal. 

FIGS. 3-6 illustrate various modified embodiments of the inverttion. in which 

like reterence numerals indicate like components, and like reference numerals with a letter 

suffix indicate related components. In the system 44 of FIG. 3. sensor 36a is formed as part 

of piezoelectric actuator 40a. and thus is closely coupled to the actuator during operation. To 

reduce coupling between actuator 40a and sensor 36a. the sensor material should have a low 

planar coupling coefficient (such as modified lead titanate). and sensor thickness should be 

such that its resonant frequency is in the megahertz range. In the system 46 of FIG. 4. the 

.oise vibration electronics is disposed at a nght-angle bend in fluid conduit 12a. so that the 

xtuator IS approximately ax.ally opposed to the direction of fluid flow. Sensor 36 in FIG. 4 
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is separa^. from acm»r 40, while sensor 36a in sys.em 48 of FIG, 5 is aga.n closely coupled 

to acaiator 40a. 

m system 50 in FIG. 6. piezoelectric actuator 40b is disposed within conduit 
12. and is composed of a plurality of annular disks 42b stacked with respect to each other so 
that the direction of flexure .s parallel to the direction of fluid flow through conduit 12. 
Vibration sensor 36 is coupled to conduit 12 upstream of actuator 40b. and operates through 
an amplifier 38b to energize actuator 40b 180° out of phase with the highest-amplitude 
frequency component of the v.branons sensed at sensor 36b. Fluid flows through the hollow 
.nterior of actuator 40b formed by the aligned openings of the multiple annular disks 42b, 

In one implementation of the present invention in an automotive power steering 
system and based upon the embodiment of FIG. 2. fluid pressure fluctuations were monitored 
with PCB Dynamic Pressure Transducers (Type 101 A02). The pressure fluctuations were first 
recorded without any signal being applied to piezoelectric actuator 40. Frequency analysis of 
this signal was carried out by a Hewlett-Packard Dynamic Signal Analyzer (Model 3562A). 
To reduce pressure fluctuations or ripple, a phase-shifted pressure field was applied to the 
hydraulic fluid employing actuator 40. The pressure ripple was again recorded with the 
Dynamic Pressure Transducer, and frequency analysis was carried out. The amplitudes of the 
pressure ripples associated with different frequency components observed under these two 
operating conditions - first without and then with actuation of piezoelectric actuator 40 - were 
compared to each other. The following table shows a typical set of data for selected dominant 
frequencies: 
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Fre^uencv of pressure Pressure rippie wr.hou, Pres^re npple wirh conuo, 

m S 0.137 

665 0 « 0.052 

W.5 0.137 
1330 

U can be seen from .he tabulated data that all four frequencies in the pressure 
npple were reduced in amplitude. This demonstrates the broadband nature of the tnvention. 
,„ contrast to passive-type pressure-npple attenuation systems that are sensitive to ripple 
frequency, the system of the present tnventton reduces pressure ripples of all frequencies 
Within the given bandwtdth. Thus. ,f one or all of the frequences were to shift for some 
reason, their amplintdes would sdU be reduced by the acuve attenuation technique of the 
present invention. The frequency of h.ghes, ampltmde in this test was a. 665 Hz. The 
amplUude of the pressure fluctuations was reduced by a factor of five at thts dominant 
frequency. The system ,s effective at low static pressures as well as high static pressures, as 
on the order of 1500 psi. 
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In The Claims : 

1. 

Apparatus for suppressir^g fluid-borne noise in a fluid conduct (12 or 12a), 
which comprises: 

a vibration sensor (36, 36a or 36b) for operative coupling to the conduit to 
provide an electrical sensor signal as a function of fluid pressure fluctuations in the conduit. 

a piezoelectric actuator (40. 40a or 40b) adapted to be mounted on the conduit 
for impanmg pressure fluctuations to fluid in the conduit, and 

an electric controller (38. 38a or 38b) responsive to said sensor signal for 
energizing said actuator 180° out of phase with fluid pressure fluctuations sensed by said 
sensor. 



The apparatus set 
to said actuator (40a). 



2. 

forth m claim 1 wherem said sensor (36a) is closely coupled 



The apparatus set 
comprises a piezoelectric sensor. 



3. 

forth in claim 1 wherein said sensor (36. 36a or 36b) 



4. 

The apparatus set forth in claim wherem said acmator (40. 40a or 40b) 
comprises a stack ot piezoelectric elements (42 or 42b). 
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5. 

The apparatus set forth in claim 1 wherein said electronic controller (38, 38a 
or 38b) is responsive to frequency components of pressure tluctuattons of the fluid in the 
conduu for energizing satd actuator (40, 40a or 40b) as a l.nct.on of amplitude of the 
frequency component of greatest amplitude. 

6. 

The apparatus set forth in claim 1 wherein said sensor (36. 36a or 36b) is 
responsive to fluid pressure fluctuations in said conduit over a predetermined frequency range. 

7. 

The apparatus set forth in claim 6 wherein said sensor (36. 36a or 36b) and 
actuator (40. 40a or 40b) have resonant frequencies greater than said frequency range. 

8. 

The apparatus set forth in claim 7 wherein said frequency range is zero to at 

least 1000 Hz. 

9. 

The apparatus set forth in claim 1 comprising a unitary assembly (24) having 
a plug (28) end for removable receipt through an aperture (30) in the conduit. 
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10. 

A fluid handling system that comprises: 
a conduit (12 or 12a) for conducting fluid under pressure, and 
means for suppressing fluid-bome noise caused by pressure fluctuations in sa.d 
conduit, including a vtbration sensor (36. 36a or 36b) earned by satd conduit and operattvely 
coupled to fluid in said conduit for producing an electrical sensor signal as a flancnon of fluid 
pressure fluctuations m the conduit, a piezoelectric actuator (40. 40a or 40b) mounted on said 
conduit for impanmg pressure fluctuations to fluid in said conduit, and an electronic controller 
(38. 38a or 38b) responsive to said sensor signal for energizing said actuator 180° out of phase 
with fluid pressure fluctuations sensed by said sensor. 

11. 

The system set forth in claim 10 wherein said conduit (12) includes a volumetric 
enlargement (20) to which said sensor (36. 36a or 36b) and actuator (40. 40a or 40b) are 
coupled. 

12. 

The system set forth in claim 10 wherein said conduit (12a) includes a right- 
angle turn at which said sensor (36 or 36a) and actuator (40 or 40a) are disposed in opposition 

to tluid tlowing through said conduit. 
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13. 

J The system set forth m clain. 10 wherein said actuator (40, 40a or 40b) 

2 comprises at least one amular disk (42 or 42b) disposed wuhm satd cor^duit in such a way that 

3 fluid flows through said disk. 

14. 

1 The system set forth in claim 1 3 wherem said sensor (36 or 36b) is disposed 

2 upstream from said actuator (40 or 40b) with respect to the direction of fluid flow through said 

3 conduit. 



15. 

1 The system set forth in claim 10 wherein said conduit includes an opening (30), 

and wherein said means is disposed in a umtary assembly (24) removably received in said 



2 



1 



1 



opening. 



The system set 
to said actuator (40a). 



16. 

forth in claim 10 wherein said sensor (36a) is closely coupled 



The system set 



17. 

forth in claim 10 wherein said sensor (36 or 36b) is spaced from 



7 said actuator (40 or 40b). 
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18. 

The system set forth m claim 17 wherem said sensor (36 or 36b) is disposed 
upstream of s.d actuator (40 or 40b) with respect to the direction of fluid flow through s.d 
conduit. 



The system set 
a piezoelectric sensor. 



19. 

forth in claim 10 wherein said sensor (36, 36a or 36b) comprises 



20. 

The system set forth m claim 10 wherein said actuator (40. 40a or 40b) 
comprises a stack of piezoelectric elements (42 or 42b). 

21. 

The system set forth in claim 20 wherein said piezoelectric elements (42b) are 
of annular flat construction, and are disposed within said conduit (12) in such a way that fluid 
flows through said elements. 

22. 

The system set forth in claim 10 wherein said electromc controller (38. 38a or 
38b) IS responsive to frequency components of pressure fluctuations of the fluid in the conduit 
for energizing said actuator (40. 40a or 40b) as a function of amplitude of the frequency 
component of greatest amplitude. 
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23. 

The systen, se, forth ,n cia.m 10 wherem sa,d senso, (36, 36a or 36b) is 
responsive to fluid pres^re flu— in s.d conduh over a prede.m.,ned frequency range. 



24. 

The syscem se. forrh in cl^m 23 wherein said sensor (36, 36a or 36b) and 
aerator (40. 40a or 40b) have resonant fre^encies grea-er than sard frequency range. 



The system set 

1000 Hz. 



25. 

forth in claim 24 wherein said frequency range is zero to at least 



26. 

A method of suppressing fluid-borne noise caused by pressure fluctuations in 
fluid flowing through a conduit (12 or 12a). which comprises: 

(a) ^nsing amplitude and frequency components of pressure flucmauons in the 



\ conduit, 

5 (b) couphng a p.e^e.ecrric acnrator (40, 40a or 40b) ro said condui. for 

6 imparting pressure fluctuations to fluid in the condutt. and 

(c) energtzing said acmator as a hrnction of s.d amplitude and frequency 

8 components. 
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TITLE : RECORDING HEAD 




A QOTBArT ■ PURPOSE- To obtain a recording head of small size, low power consumption and low 
■ noiseS denned capable of suppling liquid with •^ip^ effidency^of ^^^^^^^^^ 
liauid with hiqh efficiency and of recording in response to electrical signal of f«gh 
IreqSenry sLtfactorily 'by making it possible to conduct pressure to the hqu,d under a 
specified condition. 

CONSTITUTION: A recording medium liquid flow passage 2, a discharge orifice 3, No. 1 
chamber 4 connected to the orifice 3, No. 2 chamber 6 connected to the passage 2 
Sqh connectfng passages 5 and 1 0, and No. 3 chamber 9 connected to the passage 2 

rgh a coTnU passage 8 are provided. A pressure -ans 7 of 
wail surface of the chambers 4 and 6 and causes pressure wave '" 0/1'^;'^''"/^^ 
chamber 4 An electric imculse is given between 2 lead electrodes 12 to deflect a 
D^zo-e^ectricity element i . and connect the chamber 4 with the chamber 6 to quickly 
Sy he q?d orresponding to increase in volume. By removing the electru: impulse, 

0 ur^e 0 t^ hamber 4 is reduced momentarily, pressure wave is gen-ate - "^-^ 
contained in the chamber 4 and drops of the liquid are jetted out from the onfice 3. 
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